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CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority under 35 U.S.C. § 119 to U.S. provisional patent

application Serial No. 60/427,164, filed November 18, 2002, which is incorporated herein by

reference.

BACKGROUND OF THE INVENTION

[0002] Present vertical magnetic random access memory (MRAM) devices comprise a 2D

array ofmagnetic memory elements. The magnetic memory elements typically include many

layers ofmagnetic and non-magnetic/electrically conductive materials. Electrical current

through an associated word line is used to produce a radial magnetic field around the magnetic

element to facilitate the switching (or reverse) ofthe magnetization of a soft (or "fi-ee") magnetic

layer of the memory element. As much as several milliAmperes of current is typically required

to flip the magnetization ofthe firee layer. In addition, when addressing a particular magnetic

memory element in the array, the other memory elements in the same row and/or colunm

experience one halfof the magnetic field used to flip the particular memory element. These

other elements are sometimes referred to as the so-called "half-selecf' elements, and this is not a

desirable condition because it may lead to errors in reading the stored data as well as practical

limitations in down size scaling.
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SUMMARY OF THE INVENTION

[0003] In one general respect, the present invention is directed to a magnetic memory

element. According to various embodiments, the magnetic memory element includes at least

two magnetic layers: a storage layer and a reference layer. The memory element may, for

example, be ring-shaped or any other closed-ended configuration defining an aperture. The

storage layer includes two conjugate magnetic domain segments having opposing helicities. The

reference layer is permanently magnetized (i.e., has a permanent magnetic helicity). In addition,

a non-magnetic middle layer is interposed between the two magnetic layers. The middle layer

may include, for example, an electrically conductive layer, in which case the two magnetic layers

and the middle layer may constitute a current-perpendicular-to plane / giant magnetoresistive

(CPP/GMR) structure. According to another embodiment, the middle layer may include an

electrically insulating layer, in which case the two magnetic layers and the middle layer may

constitute a magnetic tunnel junction (MTJ) structure.

[0004] The boundaries of the two conjugate magnetic domain segments of the storage

magnetic layer define domain walls that are along the radial direction ofthe storage layer. The

magnetic moment direction within one domain wall points inward and the magnetic moment

direction within the other domain wall points outward. The two domain walls always attract

each other, leaving one segment significantly larger than the other. These two different

conditions (each longer the other) may define two binary data states. By sending a vertical

current through the magnetic memory element, which generates a circular magnetic field,

transitions between the memory states can be achieved. According to various embodiments, the

aperture through the element may be in the center thereofor offset fi-om the center.

[0005] In other general respects, embodiments ofthe present invention are directed to: a
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memory cell including the magnetic memory element; a memory device including a plurality of

the memory cells; and a computing device including the memory device.

[0006] A memory cell utilizing the magnetic memory element of the present invention may

provide the powerful advantage oflow power operation. This is because the magnetic switching

between the two binary states may be realized with very low, but circular magnetic fields. In

addition, the switching current required to transition between memory states is much lower than

the conventional MRAM design. Accordingly, the power consumption with a memory device

according to various embodiments ofthe present invention may be 1000 to 10,000 times less

than that of the conventional MRAM design. Moreover, various embodiments ofthe memory

cell of the present invention require only one transistor for both read and write operations. In

addition, embodiments of the memory cell eliminate the need for word lines as in conventional

MRAM designs, which thereby eliminates the problem of half-selected elements, making it fi-ee

of addressing disturbances. These and other benefits ofthe invention will be apparent fi-om the

description to follow.

DESCRIPTION OF THE DRAWINGS

[0007] Embodiments ofthe present invention are be described in conjunction with the

following figures, wherein:

Figure 1 is a cross-sectional side view of a magnetic memory element according to

various embodiments ofthe present invention;

Figure 2 is a cross-sectional top view of the magnetic memory element ofFigure 1

according to various embodiments;
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Figures 3A and 3B are diagrams ofthe magnetization helicities ofthe magnetic layers of

the magnetic memory element according to various embodiments of the present invention;

Figure 4 is a diagram ofmemory cells according to various embodiments of the present

invention;

Figures 5A-D illustrate operation ofthe magnetic memory element according to various

embodiments of the present invention;

Figures 6, 7 and 9 are graphs showing micromagnetic simulation results;

Figures 8 and 9a illustrate various geometries for the magnetic memory element;

Figure 10 illustrates a process for magnetizing the storage layer ofthe magnetic memory

element according to various embodiments of the present invention;

Figure 1 1 is a diagram showing thickness ranges for the storage and reference layers of

the magnetic memory element for various embodiments;

Figures 12-14 are diagrams showing the effect of the spin transfer effect for various

embodiments ofthe present invention;

Figure 15 is a graph ofthe switching time versus the injected current for various

embodiments of the magnetic memory element;

Figure 16 is a diagram of a memory device according to various embodiment of the

present invention; and

Figure 17 is a diagram of a computing device according to various embodiments of the

present invention.
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DETAILED DESCRIPTION OF THE INVENTION

[0008] The present invention is directed, according to various embodiments, to a magnetic

memory element 10, such as may be used in a magnetic memory device. Figure 1 is a cross-

sectional side view ofthe magnetic memory element and Figure 2 is a cross-sectional top plan

view according to various embodiments. The magnetic memory element 10 may comprise a

stack ofmultiple closed-ended (e.g., ring-shaped) layers. The element 10 may include two

magnetic layers: a storage layer 12 and a reference layer 14. The magnetic layers 12, 14 may

include a magnetic material such as, for example, CoFe, NiFeCo or permalloy. The thickness of

the storage layer 12 and reference layer 14 may vary depending on the materials used. For

instance, the storage layer 12 may have a thickness ofbetween, for example, 10 and 100

Angstroms and the reference layer 14 may have a thickness of, for example, greater than 100

Angstroms. The outer-to-inner diameter ratio (Dout/Din) of the magnetic memory element 10

may be, for example, greater than or equal to three. Further, the inner diameter may correspond

to the smallest attainable feature size, which typically varies with the materials used, but is

generally on the order of 0.1 to 0.2 |im,

[0009] A non-magnetic middle layer 16 is provided between the two magnetic layers 12, 14.

The middle layer 16 may include an electrically conductive material such as, for example, Cu, in

which case the two magnetic layers 12, 14 and the middle layer 16 may constitute a current-

perpendicular-to plane / giant magnetoresistive (CPP/GMR) structure. According to other

embodiments, the middle layer 16 may include an electrically insulating layer such as AI2O3, for

example. According to such embodiments, the middle layer 16 acts as a barrier layer of a

magnetic tunnel junction (MTJ) structure. Interested readers may refer to U.S. Patent 6,391 ,483

to Zhu et al. (the "'483 patent"), which is incorporated herein by reference, for additional details.
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For an embodiment utilizing the CPP/GMR structure (i.e., layers 12, 16 and 14), the element 10

may include a number of repeated CPP/GMR structures.

[0010] The magnetic memory element 10 may also include upper and lower electrical

contact layers 18, 20, comprising an electrically conductive material such as, for example, Cu, to

thereby provide electrodes for the magnetic memory element 10.

[0011] An electrically-conductive set line 22 may be disposed through the opening defined

by the various layers ofthe element 10 to provide the current-induced magnetic field to transition

the state of the memory element 10, as described in more detail below. The set line 22 may be

insulated fi*om the layers ofthe element 10 by an insulating layer 24, which may comprise, for

example, Si02, SiN or an oxide of the materials forming the element 10.

[0012] As illustrated in Figures 3A and 3B, the magnetic moment direction (i.e.,

magnetization configuration) ofthe reference layer 14 may be completely circular along the

annulus of the layer 14 and may be naturally permanent. The reference layer 14 may be

designed to have a sufficiently great magnetic area moment density such that the helicity ofthe

reference layer 14 does not change during memory operation. As used herein, the term

'Tielicity** refers to the rotational directional (e.g., clockwise (CW) or counter-clockwise (CCW))

of the magnetization configuration of a magnetic layer.

[0013] Still referring to Figures 3A and 3B, the annulus of the storage layer 12 may comprise

two conjugate (i.e., joined together) magnetic domain segments 30, 32: one with a CW magnetic

moment direction (30) and one with a CCW magnetic moment direction (32). As such, the

conjugate magnetic domain segments 30, 32 of the storage layer 12 may have opposing

helicities. The pair of boundaries between the conjugate segments 30, 32 may define a pair of

domain walls 34, 36. Both ofthe domain walls 34, 36 may be along the radial direction ofthe
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layer 12 and the magnetic moments may point inward within one ofthe domain walls (34) and

may point outward within the other domain wall (36).

[0014] The two domain walls 34, 36 will attract each other, leaving one segment

significantly larger than the other. For example, in Figure 3A the CW segment 30 is larger than

the CCW segment 32 and in Figure 3B the CCW segment 32 is larger than the CW segment 30.

These two conditions may define that two binary data states, i.e. "l"'s and "0"'s for the memory

element 10. For example, Figure 3A may correspond to a "0" state and Figure 3B may

correspond to a "1" state.

[0015] The present invention is also directed, according to various embodiments, to a

memory cell. Figure 4 illustrates three such memory cells 40. Each memory cell 20 may include

the magnetic memory element 10 and a transistor 42, such as a field effect transistor (FET). An

array of such memory cells 20 may form a memory block of a MRAM memory device, as

described fiirther herein. The conducting set line 20 (see Figures 1 and 2) may be connected to a

terminal of tiie transistor 42 and pass through the opening of the magnetic memory element 10.

[0016] Memory cells 40 according to embodiments of the present invention may provide the

powerfiil advantage of low power operation. This is because the magnetic switching between the

two binary states (see Figures 3A and 3B) may be realized with very low, but circular magnetic

fields induced by current passing through the conducting set line 20. By sending a vertical

current through the magnetic memory element 10, which generates a circular magnetic field,

transitions between the memory states can be achieved. According to one embodiment, the

switching current though the set line 20 may be as low as a few hundred micro-Amperes, much

less than existing vertical MRAM devices. In addition, such low currents enable the use ofMTJ

structures for the magnetic memory element 10, as described previously, to thereby obtain a high
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signal level with a negligibly small sense current level.

[0017] The diagrams of Figure 5 help to illustrate the operation ofthe memory cell 20

according to various embodiments of the present invention. Figure 5A shows the magnetization

ofthe reference (or *liard") layer 14. Figure 5B shows a 3D perspective ofthe magnetic memory

element 10. Figures 5C and 5D show magnetic field vectors of the storage ("fi-ee") layer 12 for

the "1" and "0" states respectively.

[0018] The annihilation ofthe two domain walls 34, 36 in the storage layer 12, which leads

to a complete circular magnetization configuration, requires an exceedingly large magnetic field.

Figure 6 illustrates a micromagnetically calculated magnetic cycle for magnetic memory element

10 having an outer diameter of 0.3 jam and an inner diameter of 0.1 jim. For these calculations,

the storage layer 12 is assumed to be permalloy with Mg = 800 emu/cm^ and to have a thickness

of 10 Angstroms. The switching current of 1 .6 mA was used for the transition, corresponding to

a magnetic field of 1 1 Oe at the medium radius. For such an embodiment, a vertical current of

67 mA is needed to yield the complete circular magnetization configuration for the storage layer

12. Figure 7 shows a similar set of results where the outer and inner diameters ofthe element 10

are 0.6^m and O.ljitm, respectively, with a storage layer 12 thickness of 10 Angstroms. The

annihilation of the domain wall-pair in Figure 7 would occur at a current amplitude of 106 mA.

For each of Figures 6 and 7, this value (i.e., the current at which annihilation ofthe domain wall-

pair) may be significantly greater than the switching current amplitude used to transition the

memory element 10 between the two memory states, although it should be noted that the margin

decreases with increasing storage layer thickness.

[0019] In Figures 1 and 2, the magnetic memory element 10 is shown as having a circular

cross-section. According to the other elements, the magnetic memory element 10 may assxmie
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various other closed-ended configurations, such as shown in Figure 8. As illustrated in Figure 8,

some configurations may include nodules 50. According to such embodiments, the vertical

current threshold for the transition firom one memory state to the other can be reduced to the

order of 10^ |aA. Using a MTJ structure for the magnetic memory element 1 0 is advantageous

for such low switching current as a MTJ structure brings the advantages of large read signal

amplitude at a small biasing voltage. Figure 9 illustrates micromagnetic simulation results with

two nodules 50 of twenty nm in width (radial direction) and sixty nm in length (circumferential

direction). The thickness ofthe storage layer 12 was chosen as 20 Angstroms for the simulation

of Figure 9, with the rest of dimensions the same as that for Figure 6. The calculated switching

current is 640 |liA assmning a pulsed current with a pulse width of 1 ns.

[0020] Figure 9a is diagram of the storage layer 12 and the reference layer 14 according to

other embodiments of the present invention. As shown in Figure 9a, the aperture of the memory

element 10 (including the layers 12, 14 illustrated in Figure 9a) may be offset fi-om the center of

the element 10. Such a configuration yields a greater net helicity and, therefore, greater signal

strength.

[0021] The memory cell 40, according to various embodiments, eliminates the need for word

lines and digital lines used for switching the memory states in conventional MRAM designs.

The elimination ofthe word/digital lines brings along the elimination ofthe so-called "half-

select" elements, which is a potentially substantial advantage over conventional MRAM designs.

In addition, embodiments ofthe present invention may consume be 1000 to 10,000 times less

power than conventional MRAM designs. The micromagnetic simulations (see, for example.

Figures 6, 7 and 9) show that with embodiments ofthe present invention the switching between

memory states may be very robust with excellent repeatability. In addition, the low switching
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current enables the use ofMTJ structures, as described previously, that have large read signal

amplitudes with negligibly low read current. The low switching current enables the use of the

same transistor (such as transistor 42 of Figure 4) for both write and read addressing.

[0022] Figure 10 is a diagram illustrating a process for forming the pair ofdomain walls 34,

36 ofthe storage layer 12. hiitially, as shown at Stage 1, the storage layer 12 may be saturated

with a uniform magnetic field. Upon the removal ofthe field, two domain walls form, as shown

at Stage 2: a head-on domain wall at a three o'clock position and a tail-on domain wall at a nine

o'clock position. The two walls contain opposite magnetic poles (N and S) and, because of their

mutual magnetic attraction, tend to move toward each other to forai one of the two memory

states, respectively, shown at Stages 3A, B. The energy barrier between the two memory states

arises fi-om the magnetostatic interaction between the magnetic poles within the two domain

walls 34, 36, as well as the edge poles that would have to be generated to move the walls 34, 36.

Since the magnetization ofthe reference layer 14 may be circular, the memory state may be

independent of the actual location of the domain wall-pair. In addition, increasing the thickness

ofthe storage layer 12 increases the energy barrier between the two memory states, thereby

raising the switching current threshold as well (see Fig. 14, below).

[0023] Figure 1 1 is a diagram showing potential thickness ranges for the storage layer 12 and

the reference layer 14, where the storage and reference layers 12, 14 are made of a type of

permalloy (Ni8iFei9) and with an outer diameter to inner diameter ratio of 0.3|im/0.1|am. As can

be seen in Figure 1 1, the magnetization helicity of the storage layer 12 is approximately constant

for a thickness range of2nm to lOnm. The magnetization helicity of the reference layer is

approximately constant for thicknesses greater than 1 L5nm.

[0024] Such small geometries for the magnetic memory element 10 are in part due to spin

10



Attorney Etocket No. 020628

transfer induced magnetic switching. That is, not only does the Amperean field created by the

current running through the conducting set line 20 contribute to the transitions between the logic

states, but so does the spin transfer effect. Figure 12 is a graph illustrating the outer diameter of

the element 10 versus the switching current threshold for an outer diameter-to-inner diameter

ration of Dout/Din = 3.0 with a storage layer 12 thickness of 1.0 nm. Figure 13 is a graph

illustrating the iimer diameter of the element 10 versus the switching current threshold for an

outer diameter of Dout = 0.6|im with a storage layer 12 thickness of 1.0 nm. Figure 14 is a graph

illustrating the storage layer 12 thickness versus the switching current threshold for an outer

diameter Dout = 0.3^m and an inner diameter of Din = 0. 1 jam These figures show that the

contribution of the spin transfer effect allows smaller device geometries to be achieved than if

only the Amperean field contributed to the switching of the memory element 10.

[0025] Figure 15 is a diagram showing the calculated minimum current pulse duration

required for switching the memory state ofthe element 10 as a fimction ofthe current amplitude.

For the calculations of the Figure 15, the outer-to-inner diameter ratio Dout/Din = 3.0 and the

storage layer 12 thickness was ten Angstroms.

[0026] Figure 16 is a diagram of a memory device 60 according to various embodiments of

the present invention. The memory device 60 includes a two-dimensional array ofmemory cells

40, addressable by bit lines and row lines. For example, memory cell 40a may be addressed by

bit line-1 and row line-1 . The row lines may be coupled to the memory cells 40 via addressing

circuits 62 comprising, for example, two pair ofcomplementary transistors (e.g., FETs).

Write/read operation of the memory device 60 may be controlled via a write/read line via a

transistor (e.g. FET) 64. For example, when the write/read line-1 is high, the transistor 64a niay

be turned on, enabling a write operation. Thus, for example, if the write/read line-1 is high
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(corresponding to a write operation), the bit line-1 is high, and the row Une-1 is high, a "1" may

be written to memory cell 40a. Conversely, if the write/read line-1 is high, the bit line-1 is high,

and the row linei is low, a "0" may be written to memory cell 40a.

[0027] Figure 1 7 is a diagram of a computing device 70 according to various embodiments

of the present invention. The computing device 70 includes a processor 72 in communication

with a memory controller 74 through a bus 76. The memory controller 74 is in communication

with the memory device 60 ofthe present invention through a bus 78. The computing device 70

may be, for example, a personal computer (PC), a workstation, a laptop computer, a server, a

supercomputer, a personal digital assistant (PDA), a pocket-PC, etc.

[0028] While several embodiments of the invention have been described, it should be

apparent, however, that various modifications, alterations and adaptations to those embodiments

may occur to persons skilled in the art with the attainment of some or all of the advantages ofthe

present invention. It is therefore intended to cover all such modifications, alterations and

adaptations without departing fi-om the scope and spirit of the present invention as defined by the

appended claims.
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